These days, centrifugal compressors and other industrial turbomachines tend to be faster, downsized, and reduced in cost. If a technology can be established for operation of machines over higher critical speed using an active magnetic bearing, the number of impellers per casing can be increased, allowing downsizing and cost reduction of trains. In this study, experimental equipment of a flexible rotor supported by active magnetic bearings was developed to carry out experiments as a step toward developing the technology. The following results were obtained, (1) Mass distribution in designing flexible rotors allows adjustment of the critical speed by design. (2) With the modal balancing method under higher critical speed, the sixth critical speed was passed through, the world's first achievement of this.
Introduction
These days, centrifugal compressors and other industrial turbomachines tend to be faster, downsized, and reduced in cost. The performance of the bearing is an important factor for increasing the speed of the rotor; however, many sliding bearings used for centrifugal compressor rotors have problems caused by friction or wear. In order to increase the speed of the rotor in the future, use of an active magnetic bearing ("AMB") will become essential (Azuma, et al., 2004 and Schweizer, 1994 , 2002 .
Sliding bearing centrifugal compressor rotors are usually operated at a speed between the first and second bending critical speeds. Note that AMB centrifugal compressor rotors are able to be operated over higher critical speed because of upgrading their speed. If a technology can be established for operating the rotors over higher critical speed, the space between rotor bearings can be widened to enable an increase in the number of impellers, decreasing the number of casings per train. This will lead to downsizing and cost reduction of trains. As can be seen, speed upgrade technology is a technology not only for increasing the rotational speed itself but also for exceeding higher critical speed. In terms of the latter, the purpose of this study is to establish a technology for AMB flexible rotors to pass through the higher critical speed (Ito, et al., 2006 , Larsonneur, 1990 and Wei, 2010 .
In the case of a commercialized centrifugal compressor with an AMB flexible rotor, the rated speed of the compressor exceeds the third critical speed (= first bending critical speed) and approaches the fourth critical speed (Fukushima, et al., 1994 (Fukushima, et al., , 1996 . In the studies for the AMB flexible rotor, the rotors were successfully operated at a speed exceeding the fifth critical speed (= third bending critical speed) (Ito, et al., 2006) . In this study, a technology for passing through higher critical speed was studied and experiments were carried out in order to pass through to the interval from the sixth to seventh critical speeds (= from the fourth to fifth bending critical speeds). As a result, an AMB rotor was successfully operated at a speed exceeding the sixth critical speed (= fourth bending critical speed).
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Passing through a high-order bending mode of a flexible rotor requires that the mode be stabilized by the controller of the magnetic bearing. Furthermore, stability of the modes of frequency higher than the rotation speed is required. In order to realize stabilization in these modes, the controller must decrease the gain and advance the phase of the system. In this study, to advance the phase without increasing the gain of the controller, a method of adjusting the phase by delaying the 360 degree phase was adopted. It is desirable to have a wider frequency separation between the modes to which these filters are applied. The function of these filters is to divide into two frequency ranges with corner frequency serving as the boundary. In lower frequency range the gain is maintained in order to control the system and in the higher frequency range the gain is decreased in order not to control the system but to use only material damping.
In previous research, a mode separation control method was used and controllers were adopted so as to separate modes into odd numbered modes and even numbered modes. As a result, the number of modes to be stabilized by one controller is halved, thereby facilitating design of the controller. In this research, furthermore, we propose a rotor design method in order to expand the frequency separation between the modes. Meanwhile, since a limitation is imposed on the load that the magnetic bearing can output, even if the control system is stable, it is important to have sufficient physical balance for the passing mode. In this paper two important topics are described, as follows.
The first of the technologies for passing through higher critical speed is the design of rotors and controllers. Since, in the study by Ito et al. (2004 Ito et al. ( , 2006 , rotor disks were placed at equal separation the rotor estimating the impeller of turbomachines, the critical speed (frequencies of eigen modes) is evenly distributed in the rotational speed range. It was difficult to add some filters to the AMB controllers. In contrast, the rotor of this study has a large frequency separation between higher eigen mode and the next higher eigen mode by using the technique of placing the disks on the rotor. As a result it became easy to add some filters to the AMB controllers and the controllers were designed to provide large damping for higher modes without unstable vibrations.
The second of the technologies is the balancing technology for the rotor (Ito, et al., 2004 , 2008 , Kellenberger, 1972 and Matsushita, et al., 2017 ). An influence coefficient method and a modal balancing method are generally known as the balancing technology for flexible rotors covered in this study. This study also used these methods, because rotors have many high frequency bending modes. In this method, the number of balancing weights needed increases with the number of modes to be passed, and the weights require higher precision in the high frequency range, where we use the precise mode considering AMB stiffness for the calculation of masses. In the end, six correction masses are attached on each balancing plane of the rotor for six eigenmodes, and as a result the rotor speed was able to pass the sixth critical speed. Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481] Figure 1 shows the appearance of the experimental equipment of AMB system. The rotor is supported by two radial AMBs and one thrust AMB and is driven by the motor on the end plate. As a measure for heat generation, the housings for the radial AMBs and thrust AMB and the motor flange on the end plate each have a structure through which cooling water flows. A vacuum chamber fully encloses the rotor, radial AMBs, thrust AMB, and the motor on the end plate. The rotation test is carried out after pressure in the vacuum chamber is evacuated to 0.01 Torr. Five balance discs are installed between the radial AMBs of the rotor. As shown in Fig. 2 , balance weights can be attached to each disk at phase angles of 15 deg. In addition, the motor on the end plate is driven by an inverter whose maximum frequency command value is 500 Hz (30,000 min -1 ).
Experimental system of AMB rotor 2.1 Configuration of experimental equipment
The designed rotor has a total length of 1,323 mm, a weight of 30.6 kg, a shaft diameter of 30 mm, and a bearing diameter of 60 mm, and outer diameter of its balance disc is 120 mm. This rotor has five balance discs between radial AMBs; however, according to the modal balancing method, six or more balancing planes (equal to the number of a mode to be passed) are required in order to pass through the sixth critical speed. For this reason, screw holes for balancing weights were provided on the discs of the thrust AMB rotor and the motor rotor for each phase angle of 15 degrees. Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481]
Radial and thrust AMBs
The eight-pole hetero-polar type (Azuma, et al., 2006) shown in Fig. 3 (a) was used as a radial AMB. As a thrust AMB, the homopolar type (Azuma, et al., 2006) shown in Fig. 3(b) was used. The specifications of the AMBs are listed in Table 1 . The radial AMB is equipped with a Teflon auxiliary bearing for protection during touch-down. Both types of the AMB feature the halved structure.
Design of rotor
In order to design the rotor, the axis vibration analysis program MyROT (Matsushita, 2009 ) based on FEM was used. Providing that the spring constant of the bearing of the radial AMB is 5 10 0 . 5  N/m, the calculation result of the critical speed and that of the vibration mode are shown in Figs. 4 and 5, respectively. In this case, each mode and the critical speed are changed depending on the configuration of the balance discs placed between the radial AMBs (mass distribution); that is, the placement of mass at the antinodes of a mode allows lowering of the frequencies of the mode and the lower modes, and widening of the frequency interval between the mode and the next higher mode. In this study, in order to facilitate the insertion of a filter that provides large damping for a mode to be controlled when designing controllers, balance discs were placed at positions corresponding to the antinodes of the seventh mode (= fifth bending mode), as shown in Fig. 5 . With this, the frequency of the eighth mode was greatly separated from that of the seventh mode, ensuring the "space" of 972 Hz/492 Hz, or approximately two-fold. This space was used to design the control system.
An impulse test was carried out with the rotor suspended by a cable. Figure 6 shows the test results. This test confirmed that, in free-free mode, the frequency (510 Hz) of the fifth mode was largely separated from that (965 Hz) of the sixth mode, as calculated by MyROT.
As described above, when designing the AMB rotor, the critical speed can be adjusted by design depending on the configuration of the mass. Considering the mass distribution with designing the control system is therefore very effective.
Fig. 4 Critical speed map as calculated by MyROT
Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481] Figure 7 shows the appearance of the control panel of this equipment. The control panel consists of a display part of displacement and rotational speed, a display part of control current of a PWM amplifier, the PWM amplifier part, a DC power supply part, and an inverter that drives the motor on the end plate. The PWM amplifier is a 432 DC servo amplifier (COPLEY). In addition, MTT's DSP board, DSP6067B, is used as a control part. As the inverter, Fuji Electric's inverter, FRENIC5000H11 2.2 kW is used.
Designing controllers (1) Configuration of control equipment

(2) Design of control system
The configuration of the control system is shown in Fig. 8 
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Space = approx. twice Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481] 
The controllers were adjusted so that the control systems were stable at the natural frequencies where the rotor was stopped and rotated; more specifically, the gain was adjusted, the controllers were combined, and the parameters were tuned. The controllers rp G for the parallel system and rt G for the tilting system were defined as follows:
Parallel system PC MATLAB/Simulink DC power supply part Display part of displacement and rotational speed
Display part of control current of the PWM amplifier PWM amplifier part Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481]
Where, separation between the 7th and the 8th eigen modes is large, by virtue of using the technique of placing rotor disk. We adopted a phase shifting filter between the 7th and the 9th eigen modes for the parallel system, and between the 6th and the 8th eigen modes in the tilting system. In the case of parallel system, a phase shifting filter was inserted higher than the 7th eigen frequency (507 Hz), and in the case of tilting system, it was inserted between the 6th eigen frequency (392 Hz) and the 8th eigen frequency (962 Hz). From the figure, phase lead or gain under 0 dB is kept in every mode, which shows that the AMB systems are stable. Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481]
Balancing and rotational test
Balancing methods for flexible rotors include the influence coefficient method and modal balancing method. The influence coefficient method for each balancing plane can be relatively easily applied using calculation software; however, it has several disadvantages: the required number of influence coefficients is the square of the number of balancing planes; a result as calculated may fail to be acquired due to determining the amount of balancing by approximate calculation based on the least squares method; and lower modes may be affected in the case of a rotor passing through a number of critical speeds. On the other hand, although the eigen modes of the rotor have to be previously calculated, the modal balancing method with the influence coefficient method has advantages: one influence coefficient is adequate as the shapes of the modes are considered, and even in the case of a rotor passing through a number of critical speeds, lower modes are not affected (Matsushita, et al., 2017) .
In the modal balancing in this study, the eigen modes with AMB stiffness are used. First, the eigen modes are calculated using MyROT. Figure 10 shows the eigen modes and Table 2 lists the mode displacements of the balance disc positions at each critical speed. 
Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481] Then, the following equation is used to calculate the ratio of the weights attached to each balancing plane, where Φ is the mode displacement and W is the ratio of the attached weights. In addition, the subscripts m and n denote the mode number and the balancing plane number, respectively. A balancing plane that has the greatest effect on the mode to be balanced is selected. Figure 11 shows the amplitude of rotation test after balancing the fifth mode. For example, to perform balancing in the sixth mode, the mode number m was set to 6, and balancing plane Nos. 1, 2, 3, 5, 6, and 7 were used to calculate the ratio of the attached weights using Equation 4. Figure 12 is the schematic showing the attached weights. In Fig. 13 the dotted line indicates the previous rotation test and the solid line the rotation test after balancing. Figure 13 reveals that the amplitude is lowered by balancing in the sixth mode without changing the amplitudes of lower modes. Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481] As shown in Fig. 14, the rotation test was finally carried out up to a rotational speed of 434 rps. As a result, it successfully passed through the sixth critical speed (= fourth bending critical speed) with relatively low amplitude. In this study, because of the limitation of the motor power, rotor speed could not reach the 7th critical speed. In order to pass through the critical speed, higher power motor and more precise balancing are needed. 
Conclusions
Experimental equipment using AMBs was manufactured to carry out a rotation test as a basic study on the technology for AMB flexible rotors to pass through higher critical speed. The following results were obtained:
(1)
We used the mode separation control method to halve the number of modes to be stabilized by one controller, enabling easy design of the controller. In addition, the placement of masses at the antinodes of a mode to be controlled when designing AMB flexible rotors greatly widens the frequency interval to the next mode. This facilitates addition of a filter providing large damping for a mode to be controlled when designing controllers.
(2)
The balancing weights were calculated by using the mode shapes considering AMB stiffness. With the modal balancing method under higher critical speed, the sixth critical speed (= fourth bending critical speed) was successfully passed through with relatively low amplitude, for the first time in the world. Fujiwara, Yanagihara, Matsushita and Tokuda, Mechanical Engineering Journal, Vol.6, No.3 (2019) [DOI: 10.1299/mej.18-00481]
